.-The degree of heat sensitization induced in spores of Bacillus subtilis by irradiation with gamma rays was not changed when irradiation was carried out at low oxygen tension (1 mm of Hg) as compared with irradiation in an air atmosphere. The degree of heat sensitization appeared to be slightly greater at pH 7.0 than at pH 4.5. The substrate was found to influence the degree of induced heat sensitivity with less of an effect produced in complex organic substrates.
Bacillus subtilis is an aerobic sporeforming organism that has been implicated in the spoilage of canned cured meat products (Drake, Evans, and Niven, 1960) . Proctor et al. (1955) irradiated B. subtilis 6051 under different conditions and reported that the mean inactivation dose was affected by the irradiation atmosphere, the substrate, and, to a slight extent, the pH of the suspending medium. Edwards, Peterson, and Cummings (1954) also showed that the radiosensitivity of B. subtilis 6633 was influenced by the substrate, but there was no significant effect due to pH. Kan, Goldblith, and Proctor (1957) found that irradiation of B. cereus spores sensitized them to subsequent heat treatment, and Levinson and Hyatt (1960) also found a complementary effect of ionizing energy and thermal energy with B. megaterium; however, in these studies the irradiation was carried out under only one set of conditions.
The object of this investigation, therefore, was to determine what effect the environmental condition during irradiation had on the degree of induced heat sensitization on spores of B. subtilis.
The thermal resistance of spores of a strict anaerobe, Clostridium sporogenes P.A. 3679, which had been irradiated under various environmental conditions, was reported in a previous paper (Licciardello and Nickerson, 1962) .
MATERIALS AND METHODS Propagation of spores. An aqueous suspension of a 24-hr slant culture of B. subtilis ATCC 6633 was streaked on a nutrient agar plate. After 24 hr of incubation at 30 C, a typical colony was inoculated into a flask of nutrient broth, which was then incubated for 48 hr at 30 C. Portions (5 ml) were spread on the surface of nutrient agar contained in Roux flasks. After 4 days of incubation at 30 C, the spores were washed off the surface with distilled water, rewashed several times, and finally suspended in phosphate buffer (pH 7.0). The stock spore suspension was stored at 2 to 4 C. Prior to use, the spores were heatshocked for 10 min at 70 C.
Spore counting. Portions (1 ml) of the appropriate dilution were plated in duplicate on Tryptone glucose extract agar using the pour plate method, and the number of colonies was counted after 48 hr at 30 C. In instances when the survival count was expected to be low, portions up to 10 ml were plated using large petri plates (14 cm in diameter).
Conditions of the investigation. The following environmental factors were studied. The spore suspension (phosphate buffer pH 7.0) was irradiated in air or at low oxygen tension (1 mm of Hg) at room temperature. The spores were suspended in phosphate buffer of pH 4.5 or 7.0 and irradiated in air at room temperature. Three substrates were compared, phosphate buffer (pH 7.0), nutrient broth (pH 6.7), and pur6ed ham (pH 6.2).
All irradiation was conducted prior to the thermal resistance determination. For purposes of evaluating thermal resistance, the spores were heated at 80 or 90 C.
Radiation source. The irradiation was carried out with gamma rays from a 1-kc cobalt-60 source, the output of which was approximately 200,000 rep per hr (186,000 rad per hr).
Sample preparation, method for determining thermal resistance, and analysis of the data have all been described in a previous publication (Licciardello and Nickerson, 1962) Licciardello and Nickerson, 1962) when the spores of these organisms were irradiated in phosphate buffer, in > air, and at room temperature (Fig. 2 ). An irradiation dose 3 20_ of about 800,000 rep prior to heating was required to a reduce the D value of C. sporogenes P.A. 3679 by 90%, LICCIARDELLO AND NICKERSON possible explanation for this is that the catalase of B. subtilis might destroy any hydrogen peroxide formed within the spore during irradiation and thus prevent any damage from this toxic compound. Spores of C. sporogenes P.A. 3679 being catalase-negative might be injured to a greater degree during irradiation than spores of B. subtilis. However, even though C. sporogenes P.A. 3679 is less sensitized to heat than is B. subtilis, the thermal resistance of C. sporogenes P.A. 3679 is so much greater that any heat treatment calculated to destroy it under conditions of normal contamination would probably also destroy B. subtilis. The thermal resistance of unirradiated B. subtilis spores in phosphate buffer was markedly reduced at pH 4.5 as compared with pH 7.0. The average D value at 90 C for unirradiated spores was slightly less than 2 min at pH 4.5 and about 16 min at pH 7.0 (Fig. 3) . The D values plotted in Fig. 3 were determined as the reciprocal regression slopes of the survival heating curves. The survival heating curves were of the sigmoid type with a shoulder at the lower heating times. This type of survival curve has been experienced with other organisms and has been explained on the basis of a multimolecular reaction. Therefore, regression analysis was only performed on that part of the survival data that showed a linear relationship with heating time. The horizontal bars above or below each point in Fig. 3 represent the limit of two standard deviations of the D value. There appears to be a very slight significant difference, if at all, between the slopes of the two curves, and, since the steeper slope occurred at pH 7.0, this might indicate that combined irradiation-heating was slightly more effective in this range of pH. However, since the curves were only based on a few points, this is a suggestive conclusion. Figure 4 shows the effect of gamma irradiation on the decimal reduction time of spores of B. subtilis suspended in various substrates. Irradiation-induced thermal sensitization was slightly greater when the spores were suspended in phosphate buffer (pH 7.0) as compared with nutrient broth or ham pur6e. In a previous study (Licciardello and Nickerson, 1962) , the same effect was observed with spores of C. sporogenes P.A. 3679. Apparently, the array of complex molecules in the organic substrates compete with the free radicals formed during irradiation of the aqueous solvent and thus protect the spores from indirect effects during irradiation. It will be noted that for the unirradiated spores the greatest thermal resistance was in phosphate buffer, and the least thermal resistance occurred in nutrient broth. With unirradiated spores of C. sporogenes P.A. 3679, thermal resistance was greatest in ham pur6e and least in nutrient broth (Licciardello and Nickerson, 1962) . Figure 5 is a comparison of the D values obtained at two different temperatures as a function of irradiation dose. If there was no interaction between irradiation dose and heating temperature, then one would expect the two curves in Fig. 5 to be parallel. The two curves can be considered parallel over the range of 200,000 to 600,000 rep but, from 0 to 200,000 rep, the 80-C curve has a greater slope than the 90-C curve. This would appear to indicate that, up to a dose of 200,000 rep, the spores were inactivated at a greater rate at 80 C than 90 C. However, it is believed that this initial steep slope at 80 C was due to some other unknown factor which resulted in a higher D value for the unirradiated spores than should have been obtained.
